A dvAncing age is a well-known risk factor for periprocedural morbidity and mortality after both surgery and coil embolization of intracranial aneurysms. 4, 11, 13 Flow diversion is a more recently developed endovascular technique, and several single-center and multicenter series have reported encouraging early results, especially in the treatment of complex proximal internal carotid artery (ICA) aneurysms. 1-3 However, given the relatively small size of these series, the effect of age on periprocedural complication rates and long-term clini-cal outcomes after flow diversion is difficult to establish. The International Retrospective Study of the Pipeline Embolization Device (IntrePED) is a large multicenter study conducted to assess the incidence of periprocedural complications after Pipeline (Medtronic) embolization of intracranial aneurysms in a "real world" scenario. 8 This study provided us with a unique opportunity to assess the influence of advancing age on perioperative complications after flow diversion for intracranial aneurysms. In this study, we report age-related complications of IntrePED abbreviatioNs CI = confidence interval; ICA = internal carotid artery; ICH = intracranial hemorrhage; IntrePED = International Retrospective Study of the Pipeline Embolization Device; IPH = intraparenchymal hemorrhage; OR = odds ratio; PED = Pipeline Embolization Device; UCAS = Unruptured Cerebral Aneurysms Study.
study patients receiving intracranial aneurysm treatment with the PED.
methods study patients
Details regarding the inclusion and exclusion criteria, enrollment, and consent process for the IntrePED study are described in the original IntrePED study. 8 In brief, we retrospectively evaluated all patients with unruptured intracranial aneurysms treated with the PED between July 2008 and February 2013 in 17 centers in 6 countries. This postmarket observational registry was funded and supported by Covidien with scientific oversight from study steering-committee members who were independent from the funding body. Seven hundred ninety-three patients treated for 906 aneurysms were enrolled, of whom 715 patients had 824 unruptured aneurysms, 76 patients had 76 ruptured aneurysms, and 6 aneurysms were of unknown status. Patients with ruptured aneurysms were excluded from this analysis. Four patients with unruptured aneurysms did not have age information available, thus 711 patients with 820 unruptured aneurysms were included in this study.
procedures and data collection
As this was a retrospective study, procedural details and periprocedural patient management varied across centers. All centers used a common study protocol. Site investigators identified events of interest and all complications were reviewed in detail by an Adverse Events Review Committee, composed of 3 members of the Steering Committee, including the overall study principal investigator. The Adverse Events Review Committee was independent of the sponsor. A "major" adverse event was defined as an ongoing clinical deficit at 7 days following the event. The timing of all adverse events was recorded in relation to the timing of the PED procedure. A list of baseline characteristics collected for the purposes of the IntrePED study is provided in the original study. 8
baseline characteristics and outcomes
For the purposes of this study, patients were divided into 4 age groups by decade: ≤ 50, 51-60, 61-70, and > 70 years old. These age categories were arbitrarily defined by the investigators. The following baseline characteristics were compared between age groups: aneurysm location, aneurysm size, use of multiple PEDs, and mean procedure time. The rates of the following postoperative complications were compared between age groups: spontaneous rupture (including both subarachnoid hemorrhage and cavernous carotid fistula), intracranial hemorrhage (ICH), ischemic stroke, parent artery stenosis, cranial neuropathy, neurological mortality (death secondary to neurological causes such as stroke and ICH), neurological morbidity, combined neurological morbidity and mortality, and all-cause mortality. A "major" adverse event was defined as an ongoing clinical deficit at 7 days following the event.
statistical analysis
Statistical analyses were performed using SAS (version 9.2, SAS Institute Inc.). Descriptive statistics were used to present the data and to summarize the results. Discrete variables will be presented using frequency distributions and cross tabulations. Continuous variables will be summarized by presenting the number of observations (N), mean, SD, median, and minimum and maximum values. For categorical variables, differences between groups were tested using appropriate contingency table analyses (exact or chi-square approximations). For continuous variables, the differences were tested using the unpaired Student t-test or a nonparametric test, depending on variable distribution. Odds ratios (ORs) and 95% confidence intervals (CIs) were obtained using multivariate logistic regression adjusted for sex, aneurysm size, aneurysm location, number of aneurysms treated, use of multiple PEDs, use of multiple exchange guidewires, practitioner's prior experience, and center volume. For the multivariate analysis, age was modeled as a continuous variable.
role of the Funding source
An academic principal investigator and an academic steering committee supervised trial design and operations. Both the principal investigator and steering committee were independent of the sponsor of the study (Covidien/Medtronic). The investigators wrote the report. The study sponsor was responsible for site management, data management, statistical analysis, and safety reporting. The corresponding author had full access to all study data and had final responsibility for the decision to submit for publication.
results patient population and baseline characteristics
In total, 711 patients with 820 unruptured aneurysms were included in this analysis ( Table 1 ). The mean patient age was 57.7 ± 13.8 years. The median follow-up duration was 21 months. One hundred ninety-seven patients (27.7%) were ≤ 50 years old, 184 (25.9%) were 51-60 years old, 209 (29.4%) were 61-70 years old, and 121 (17.0%) were > 70 years old. There were significant differences in the baseline characteristics between the 4 age groups in aneurysm location and size. Regarding aneurysm location-size criteria, patients ≤ 50 years old were more likely to have ICA aneurysms < 10 mm in size (111 patients, 49.6%) compared with patients > 70 years old (34 patients, 24.5%) and less likely to have posterior circulation aneurysms (23 patients, 10.3%) when compared with patients > 70 years old (22 patients, 15.8%). Patients > 70 years old had the largest mean aneurysm size (13.5 ± 7.6 mm). Mean aneurysm size was < 12 mm for the other 3 age groups (p < 0.0001). There was no difference in the number of patients receiving multiple PEDs between groups (p = 0.14) or mean procedure time (p = 0.36). These data are summarized in Table 1 .
age-related outcomes
Patients > 70 years old had significantly higher rates of neurological mortality (9 patients, 7.4%) when compared with patients ≤ 50 years old (1 patient, 0.5%), 51-60 years old (5 patients, 2.7%), and 61-70 years old (7 patients, 3.3%; p < 0.01). Patients > 70 years old also had higher rates of all-cause mortality (10 patients, 8.3%) when compared with patients ≤ 50 years old (1 patient, 0.5%), 51-60 years old (7 patients, 3.8%), and 61-70 years old (7 patients, 3.3%; p < 0.01). There was no significant difference in total neurological morbidity (p = 0.43) or combined neurological morbidity and mortality among the age groups (p = 0.07).
Ischemic stroke rates were similar between age groups (p = 0.73) with rates of 3.6% (7 patients) for those ≤ 50 years old, 6.0% (11 patients) for 51-60 years old, 4.3% (9 patients) for 61-70 years old, and 4.1% (5 patients) for > 70 years old. The same was true for ICH as rates were 1.0% (2 patients) for those patients ≤ 50 years old, 1.1% (2 patients) for 51-60 years old, 1.9% (4 patients) for 61-70 years old, and 5.0% (6 patients) for > 70 years old (p = 0.10). There were no differences in the rates of spontaneous rupture (p = 1.0), or in-stent stenosis (p = 0.17) between groups. These data are summarized in Table 2 .
multivariate logistic regression analysis
When adjusting for sex, aneurysm size, aneurysm location, number of aneurysms treated, use of multiple PEDs, use of multiple exchange guidewires, practitioner's prior experience, and center volume, increasing age was associated with a higher odds of neurological mortality (OR 1.06, 95% CI 1.02-1.10, p < 0.01), combined neurological morbidity and mortality (OR 1.02, 95% CI 1.00-1.05, p = 0.03), all-cause mortality (OR 1.06, 95% CI 1.02-1.10, p < 0.01), and ICH (OR 1.05, 95% CI 1.01-1.09, p = 0.024). These data are summarized in Table 3 .
discussion
Our study found that patients > 70 years old are at high-er risk of neurological and all-cause mortality following intracranial aneurysm embolization with the PED but had similar rates of spontaneous rupture, ICH, ischemic stroke, and neurological morbidity when compared with younger patients. The higher rate of neurological mortality in older patients was independent of the fact that older patients had significantly larger mean aneurysm size and were more likely to harbor posterior circulation aneurysms than their younger counterparts. Despite the higher rates of neurological and all-cause mortality found in older patients, the complication rates in these select elderly patients are acceptably low, suggesting that age alone should not be considered an exclusion criterion when considering PED treatment in patients of advanced age.
A number of prior studies have examined the association between advanced age and perioperative and longterm clinical outcomes following endovascular treatment of intracranial aneurysms with coiling. In a study of 355 patients undergoing elective treatment of unruptured aneurysms, Khosla et al. found that advanced age was associated with higher rates of major complications (17% vs 7%) and higher rates of neurological disability (8% vs 2%). 9 One meta-analysis of endovascular treatment of intracranial aneurysms in 1511 elderly patients (≥ 65 years old) found that the rate of good neurological outcome without significant disability following unruptured aneurysm coil embolization was 82% at 6-12 months and 91% at 12 months or longer. 11 The rates of combined disability and mortality during long-term follow-up after coil embolization of unruptured aneurysms was between 7% and 15%, similar to our finding of 13%. 11 Larger case series on endovascular coiling of unruptured aneurysms in the elderly in general report a rate of good neurological outcome of approximately 90%. 7, 9 To our knowledge, the present series is the first to assess the association of age with complications related to this novel form of endovascular therapy. Although the rates of stroke and intraparenchymal hemorrhage (IPH) following PED treatment were similar between the elderly and younger cohorts, the rates of these complications in elderly patients are higher than those observed in endovascular coiling. Because of the thrombogenic nature of the bare metal construct of the PED, there is a high potential for thromboembolic events related to PED placement. It is likely for this reason that the rate of stroke in our elderly cohort is higher than that reported for elderly patients receiving endovascular coiling of unruptured aneurysms. However, the stroke rate found in our study is lower than the 11% stroke rate noted in the setting of stent-assisted coiling in the elderly population. 10 PED treatment has been associated with a higher rate of spontaneous IPH when compared with endovascular coiling. However, the exact etiology behind this disparity has yet to be determined. The spontaneous aneurysmal rupture rate following treatment was low in all groups.
While the complication rate in the elderly cohort was similar to that of the younger population, we did note higher rates of neurological and all-cause mortality in the elderly. It is possible that elderly patients who suffered perioperative complications of stroke or hemorrhage suffered higher morbidity and mortality as a result of these complications when compared with their younger counterparts. In addition, elderly patients suffering severe ischemic or hemorrhagic events may have been more likely to receive withdrawal of care than their younger counterparts. Higher rates of all-cause mortality may be related to the general increase in comorbidities observed in patients with advancing age. Higher rates of cranial neuropathy may have been due to the fact that the aneurysms treated in the elderly group were generally larger.
It is important to point out that elderly patients receiving PED treatment in our study were highly selected. In general, elderly patients with significant comorbidities and poor life expectancy were not included in this registry and were deferred to more conservative management. It is also important to consider the relative morbidity and mortality rates observed in the elderly population in the context of large studies on the natural history of unruptured aneurysms. For example, while age was not found to be an independent risk factor for rupture in the Unruptured Cerebral Aneurysms Study (UCAS) of Japan, increasing aneurysm size was. The average size of the treated aneurysms in the elderly population in this study was 14 mm, compared with 10-11 mm for the younger cohorts. In the UCAS, aneurysms 10-24 mm were associated with a rupture risk of 4.4% per year. Thus, the natural history of the treated unruptured aneurysms in the elderly cohort was not negligible.
Interestingly, our study found a trend toward higher instent stenosis rates among younger patients. Higher rates of in-stent stenosis in younger individuals have been reported in the stent-assisted coiling literature as well as within the coronary artery stenting literature. 5, 6, 12 Higher rates of in-stent stenosis in younger individuals is believed to be due to a more exuberant reaction of the parent artery to the stent, resulting in higher rates of neointimal hyperplasia rather than factors such as lack of apposition or platelet aggregation and deposition at the site of the implant. 5, 6, 12 limitations of the study Our study has several limitations. The number of endpoint events was relatively low, and this limits the statistical power of subgroup analysis. The centers participating in this registry were selected based on their experience with the PED. Patients receiving treatment were a selected group, and some patients may not have been offered this treatment based on age-related considerations. Because this was a large, multinational registry, there was likely some variability in patient selection criteria from practitioner to practitioner and institution to institution. In general, PED candidates of all ages had no contraindications to dual antiplatelet therapy, were willing to be compliant with dual antiplatelet therapy, and were willing to be compliant with clinical and imaging follow-up evaluations. In general, elderly patients with significant comorbidities or poor life expectancy were not included in this registry and were directed to more conservative management. Nevertheless, this study provides useful data examining the relationship between age and periprocedural complications using this novel technology in a large number of patients and in a "real world" scenario distinct from the strict selection criteria of a prospective clinical trial.
conclusions
This study found that highly selected elderly patients (> 70 years old) undergoing PED placement for treatment of unruptured intracranial aneurysms had similar rates of postprocedural morbidity, spontaneous rupture, IPH, and stroke when compared with their younger counterparts, but higher rates of neurological mortality. The overall complication rates of PED treatment in highly selected elderly patients were acceptably low, suggesting that age alone should not be considered an exclusion criteria when considering treatment of intracranial aneurysms with the PED.
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